Smith PP, DeAngelis A, Kuchel GA. Detrusor expulsive strength is preserved, but responsiveness to bladder filling and urinary sensitivity is diminished in the aging mouse. Am J Physiol Regul Integr Comp Physiol 302: R577-R586, 2012. First published December 28, 2011 doi:10.1152/ajpregu.00508.2011.-The prevalence of urinary symptoms increases with age and is a significant source of distress, morbidity, and expense in the elderly. Recent evidence suggests that symptoms in the aged may result from sensory dysfunction, rather than abnormalities of detrusor performance. Therefore, we employed a pressure/flow multichannel urethane-anesthetized mouse cystometry model to test the hypothesis that in vivo detrusor performance does not degrade with aging. Secondarily, we sought to evaluate sensory responsiveness to volume using pressure-volume data generated during bladder filling. Cystometric data from 2-, 12-, 22-, and 26-mo-old female C57BL6 mice were compared. All 2-and 12-mo-old mice, 66% of 22-mo-old mice, and 50% of 26-mo-old mice responded to continuous bladder filling with periodic reflex voiding. Abdominal wall contraction with voiding had a minimal contribution to expulsive pressure, whereas compliance pressure was a significant contributor. Maximum bladder pressure, estimated detrusor pressure, detrusor impulse (pressure-time integral), as well as indices of detrusor power and work, did not decrease with aging. Bladder precontraction pressures decreased, compliance increased, and nonvoiding contraction counts did not change with increasing age. Intervoid intervals, pervoid volumes, and voiding flow rates increased with age. Calculations approximating wall stress during filling suggested loss of bladder volume sensitivity with increasing age. We conclude that aging is associated with an impaired ability to respond to the challenge of continuous bladder filling with cyclic voiding, yet among responsive animals, voiding detrusor contraction strength does not degrade with aging in this murine model. Furthermore, indirect measures suggest that bladder volume sensitivity is diminished. Thus, changes in homeostatic reserve and peripheral and/or central sensory mechanisms may be important contributors to aging-associated changes in bladder function. mouse cystometry; comparative aging study; sensory regulation THE PREVALENCE OF URINARY symptoms increases with age, and is a significant source of distress, morbidity, and expense in the elderly (3, 13). Excluding outlet dysfunction, such as sphincteric failure and mechanical obstruction, symptoms of urgency or frequency, nocturia, incontinence, and retention are often regarded as the result of abnormal detrusor muscle activity during filling (detrusor overactivity, DO), and/or an underperforming detrusor during voiding (detrusor underactivity, DU) (2, 40).
Smith PP, DeAngelis A, Kuchel GA. Detrusor expulsive strength is preserved, but responsiveness to bladder filling and urinary sensitivity is diminished in the aging mouse. Am J Physiol Regul Integr Comp Physiol 302: R577-R586, 2012. First published December 28, 2011; doi:10.1152/ajpregu.00508.2011.-The prevalence of urinary symptoms increases with age and is a significant source of distress, morbidity, and expense in the elderly. Recent evidence suggests that symptoms in the aged may result from sensory dysfunction, rather than abnormalities of detrusor performance. Therefore, we employed a pressure/flow multichannel urethane-anesthetized mouse cystometry model to test the hypothesis that in vivo detrusor performance does not degrade with aging. Secondarily, we sought to evaluate sensory responsiveness to volume using pressure-volume data generated during bladder filling. Cystometric data from 2-, 12-, 22-, and 26-mo-old female C57BL6 mice were compared. All 2-and 12-mo-old mice, 66% of 22-mo-old mice, and 50% of 26-mo-old mice responded to continuous bladder filling with periodic reflex voiding. Abdominal wall contraction with voiding had a minimal contribution to expulsive pressure, whereas compliance pressure was a significant contributor. Maximum bladder pressure, estimated detrusor pressure, detrusor impulse (pressure-time integral), as well as indices of detrusor power and work, did not decrease with aging. Bladder precontraction pressures decreased, compliance increased, and nonvoiding contraction counts did not change with increasing age. Intervoid intervals, pervoid volumes, and voiding flow rates increased with age. Calculations approximating wall stress during filling suggested loss of bladder volume sensitivity with increasing age. We conclude that aging is associated with an impaired ability to respond to the challenge of continuous bladder filling with cyclic voiding, yet among responsive animals, voiding detrusor contraction strength does not degrade with aging in this murine model. Furthermore, indirect measures suggest that bladder volume sensitivity is diminished. Thus, changes in homeostatic reserve and peripheral and/or central sensory mechanisms may be important contributors to aging-associated changes in bladder function. mouse cystometry; comparative aging study; sensory regulation THE PREVALENCE OF URINARY symptoms increases with age, and is a significant source of distress, morbidity, and expense in the elderly (3, 13) . Excluding outlet dysfunction, such as sphincteric failure and mechanical obstruction, symptoms of urgency or frequency, nocturia, incontinence, and retention are often regarded as the result of abnormal detrusor muscle activity during filling (detrusor overactivity, DO), and/or an underperforming detrusor during voiding (detrusor underactivity, DU) (2, 40) .
Urodynamic studies suggest that aging may be associated with detrusor overactivity during filling and diminished detrusor function during voiding (34, 45) , Incomplete bladder emptying, urinary retention, frequency, nocturia, and incontinence associated with DU have been attributed to impaired contractility (57) . Morphological findings of diminished detrusor smooth muscle and nerve content, as well as increased collagen content within the detrusor (16, 21) , seem consistent with studies demonstrating diminished detrusor strength (20, 41, 45, 47) . Impaired substrate delivery, resulting in oxidative stress, may also contribute to age-associated diminished detrusor contractile force (20, 48) . Conversely, increases in maximum in vivo voiding pressures in aged rats and increased isometric and isotonic in vitro responses to pharmacological stimulation in aged rats have been reported (32, 33, 46) . No loss of contractile responses to cholinergic and field stimulation has been reported in aged human detrusor strips (61) . Thus, urodynamic observations, suggesting detrusor underactivity, may reflect dysregulation of detrusor voiding control rather than intrinsic impairment of detrusor muscle strength (51) . In fact, recent evidence has suggested the importance of sensory dysfunctions in the generation of symptoms in the aged (1) .
Animal models offer the opportunities for detailed investigation of specific mechanistic aspects of the micturition cycle (17) , with genetically modified mouse models offering the additional prospect of implicating specific genes. The influence of age on the micturition cycle has been previously studied using in vivo rodent cystometric models (8, 9, 62) , with mixed results regarding urine storage and voiding characteristics. Several methodological considerations may explain these discrepancies. Comparisons of young to old animals risk confusing maturational effects with those of aging (10) . Also, voiding expulsive pressure is not limited to detrusor contraction in mice and rats. The murine bladder is not highly compliant, causing bladder pressure to gradually rise, as the bladder is filled (36, 53, 56) , thereby generating a relatively passive component of voiding expulsive pressure. Rodents also contract the abdominal wall with voiding (15, 54) , potentially adding an abdominal pressure contribution, which must also be considered. Estimating detrusor contractility requires knowledge of volumes and flows in addition to expulsive pressures (22) , but such approaches have not been incorporated in previous mouse studies.
Therefore, we used a multichannel pressure-flow mouse cystometric model at ages spanning a typical colony life span to test the hypothesis that changes in measures of voiding expulsive force and specifically detrusor contraction strength would not be diminished with aging. Filling phase was evaluated by standard pressure thresholds, compliance, and nonvoiding contractile activity. Furthermore, since bladder afferent activity is a function of both pressure and volume (30, 31), we also incorporated preliminary evaluation of bladder volume sensitivity and/or central receptivity to bladder afferent activity, derived from pressure and volume data at cystometrically important events.
METHODS
C57BL6 female mice procured from the National Institute on Aging's Aging Colony were used. Animal care protocols were approved by the University of Connecticut Health Center Animal Care Committee. Mice were acclimatized for 3-6 days prior to study. Four age groups were evaluated and compared. Young (2 mo), Mature (12 mo), Old (22 mo), and Oldest-old (26 mo) mice were studied. For comparisons of bladder filling and voiding dynamics, a multichannel pressure-flow cystometric method was developed, extending a previously reported pressure-flow mouse cystometric method (53) .
Mice were anesthetized with urethane 1.2 g/kg ip, and a polyurethane (PE)-50 catheter was inserted into the dome of the bladder. This catheter was secured to the abdominal wall, keeping the catheter tip above the bladder base but not placing the bladder under any tension. A second PE-50 catheter was used to canulate an isolated and flushed segment of small bowel for the measurement of intra-abdominal pressure. Both catheters were tunneled subcutaneously to exit points near the forepaws, where they were secured to the skin. The bladder catheter was connected to an infusion pump with an inline pressure transducer (BLP1; World Precision Instruments, Sarasota FL). The abdominal catheter/bowel loop was filled to sufficient volume to register a positive response on an inline pressure transducer (BLP1). Small boluses of saline were required periodically throughout the study to accommodate volume loss via bowel absorption. Preliminary experiments had shown an isolated loop of small bowel to introduce no measurable bowel motion artifact, and it is highly compliant, making it a good pressure-sensing balloon for this nonsurvival methodology.
Instrumented mice were placed prone, with the urethral meatus overhanging a 5-ml cup filled with tissue paper in close proximity to the meatus. This cup was suspended on an FT03 load cell (Grass Technologies, West Warwick, RI). Output from all transducers was amplified ϫ1,000, a 60-Hz notch filter applied, and the signals were digitized at a sampling rate of 30 Hz (volume) or 20 Hz (pressure). Differential amplifiers were balanced, and transducers were calibrated prior to each cystometric study. Data were recorded using WinDAQ Proϩ data acquisition software (DataQ Instruments, Akron, OH).
Continuous infusion cystometry was conducted with bladder infusion of room-temperature normal saline at 1.5 ml/h. After the establishment of a reliable filling/voiding cycle, three sequential voiding cycles were recorded for analysis. Data recorded included bladder (P ves) and intra-abdominal pressure (Pabd), and voided volume. Postvoid residual volumes were not measured. Following completion of the cystometric study, the animal was euthanized with carbon dioxide, and the bladder was removed and weighed. Animals with evidence of compromised health status, significant weight loss, distress during cystometry, or obvious pathology on necropsy were excluded from analysis of cystometric data (38) .
For each analyzed void, the following data were tabulated: baseline pressure (P base, lowest bladder pressure between voids), voiding contraction threshold pressure (Pthresh, bladder pressure at which voiding contraction begins), and maximum bladder pressure (Pmax, maximum pressure achieved during the voiding contraction). The pressure-time (equivalent to pressure-volume due to a constant filling rate) slope (⌬P/⌬t) was calculated between P base and Pthresh, and a hypothetical pressure on this slope at flow onset was calculated, Pcomp. Compliance was calculated as the inverse of the pressure-time slope, multiplied by the infusion rate, to give the standard ⌬V/⌬P. Since the maximum voiding bladder pressure coincides with the onset of flow (53, 56) , detrusor pressure at P max (Pdetmax) was calculated by subtracting Pcomp from Pmax. Per-void volume (postvoid minus prevoid volume) and flow rates (Qave, slope of volume voided tracing over entire change in volume during void) were determined for each void.
The pressure-time interval (PTI) is the expulsive impulse and is linearly related to external work in cardiac contractility models (50) . Therefore, we used this quantity to estimate the expulsive work components by the detrusor contraction (i.e., excluding the heat loss associated with muscle contraction), the pressure associated with compliance, and the abdominal pressurization associated with voiding. The PTI was calculated by determining the area under the curve of the relevant pressure curve during the event of interest. Division of the PTI by the event duration yields a mean pressure, which could be used in calculations of mean simple work and power. Bladder PTIs for the complete voiding contraction and the preflow, intraflow, and postflow segments of the voiding contraction were determined. Since P abd was not absolute, the voiding-associated abdominal PTI was calculated as the area of P abd during flow minus the area of the baseline pressure over the preceding same interval.
The compliance contribution to the measured preflow pressurization of the voiding contraction was estimated by calculating the compliance slope PTI between P thresh and Pcomp. Because compliance-associated pressure dropped from P comp to zero during flow, an estimate of compliance-derived expulsive PTI during flow was made by calculating the area of a triangle bounded by P comp, and time at flow start and flow end on the time axis. The abdominal PTI and compliance PTI during flow were subtracted from the bladder pressure PTI during flow, to estimate the detrusor PTI during flow. Similarly, the compliance PTI during preflow (Pthresh to Pcomp) and flow regions and the abdominal PTI were subtracted from the total bladder pressure PTI between onset of voiding contraction until resolution to estimate detrusor impulse associated with the complete voiding contraction. These calculations are illustrated in Fig. 1 . The contributions of detrusor, compliance, and abdominal PTI during flow and voiding contraction were calculated as percentages of total PTI. Detrusor PTIs were divided by event duration to obtain mean detrusor pressure values, which were multiplied by voided volume and flow rates to obtain mean work and power indices.
Nonvoiding contraction (NVC) activity has been observed in awake and anesthetized murine cystometric models (5, 42, 53) . It has been proposed that this activity contributes to the volume sensory process via activation of mechanoreceptors during filling (55) . Defining an NVC as any phasic pressure rise over the interpolated pressure curve due to compliance, NVC activity was evaluated. Data recorded for comparison between groups were the pressure and volume at NVC onset, number of NVCs for each filling and voiding cycle, calculation of a mean NVC frequency by division of number of NVCs by duration of NVC activity.
The relationship of bladder volume to centrally mediated responses to volume depends upon the level of afferent activity per unit volume, and/or upon central sensitivity to afferent outflow. The best correlation of bladder afferent outflow to filling parameters is a linear relationship to wall stress (treating the bladder as a thin-walled sphere). The simple product of bladder volume and pressure has the same correlation (r ϭ 0.81) when bladder tissue volume is small compared with overall volume (30) . In all groups in this study, mean bladder volumes (estimated from bladder weight, assuming 1 g ϭ 1 ml) were less than 20% of minimum bladder volume (assuming negligible postvoid residual volumes) at voiding contraction threshold. Therefore, as an index of system sensitivity to bladder volume, the product of pressure and volume ("stress function") at the contraction threshold pressure was calculated, equating filling time with bladder volume at Pthresh and assuming equivalent postvoid residual volumes across groups. In a similar fashion, the stress function at the onset of NVC activity was calculated by multiplying pressure and volume at the onset of NVC activity.
Analysis. Cystometric data files were coded, and data analysis was conducted en bloc, remote from the conduct of the cystometric studies, allowing analysis blinded to animal age. After all cystometry tracings had been analyzed, the analysis data were assigned to the appropriate age group for subsequent comparisons. Data were analyzed using WinDAQ software and MS Excel, and comparative statistics were generated with Prism 5 (GraphPad Software, Palo Alto CA), P Ͻ 0.05 regarded as statistically significant. Data distribution normality was tested with Kolmogorov-Smirnov test. Mean values were calculated for each measured and calculated parameter for each group, and age-associated trends evaluated were made with ANOVA with post hoc test for linear trend when all data were normally distributed. ANOVA with Bonferroni multiple-comparisons test or Kruskal-Wallace test with Dunn's multiple comparisons test was applied as indicated to evaluate individual group differences in all cases. All data are shown as means Ϯ SE. Associated overall P values for the overall comparisons, and where appropriate, for linear trend, are shown in the table and figures for each comparison. Differences between groups achieving statistical significance P Ͻ 0.05 are denoted within each parameter.
RESULTS
Forty-six mice were prepared for cystometry. We define "maturation" as referring to the transition from Young (2 mo) to Mature (10 mo). "Aging" refers to the transition from Mature to Old (22 mo) or Oldest-old (26 mo), based upon reported age-associated changes in weight and survival in the C57BL6 female mouse (38) . Bladder and body weights, as well as the ratio of bladder weight to body weight, tended to increase with maturation and aging, as shown in Fig. 2 . Periodic voiding in response to continuous filling, yielding an interpretable cystometrogram, was obtained in 11/11 Young, 10/10 Mature, 10/15 Old, and 5/10 Oldest-old mice ( 2 -test, P Ͻ 0.05). Representative tracings, including pressure and voided volume waveforms from each group, are demonstrated in Fig. 3 . The remaining animals failed to respond to this fluid challenge, did not develop a voiding pattern, and filled until continuous leakage resulted. Since these animals did not provide an analyzable voiding pattern, they are not included in the cystometric data analysis. Overall, measures of contractility showed a maturational increase but not an aging effect. Bladder filling parameters generally demonstrated significant trends with maturation and aging. Contractility indices are presented in Table 1 and Figs. 4 and 5. Maximum voiding contraction pressure (P max ), accompanied by the onset of flow, did not statistically differ among groups, nor did it trend with age (P ϭ 0.1177). P detmax data were not normally distributed; however, P detmax increased with maturation, reaching statistical significance only for comparison of Young vs. Mature. The components of the PTI associated with the entire voiding contraction were separated into abdominal, compliance, and detrusor components. Overall contraction PTI data were not normally distributed; thus, no trends were formally evaluated. The total PTI of Young was significantly less than Mature and Oldest-old, thus increasing with maturation. A similar pattern was observed with the detrusor PTI over the voiding contraction. PTI due to estimated compliance demonstrated an upward trend with maturation and aging, achieving statistical significance for Young vs. Old and Oldest-old.
The flow-associated PTI data for total, compliance, and detrusor components were normally distributed. Total PTI during flow trended upward (P ϭ 0.0410), primarily attributable to the estimated compliance component (P ϭ 0.0205) 
DISCUSSION
These experiments yielded three principal findings. First, aging was associated with a diminishing likelihood of voiding in response to continuous bladder filling, suggesting impaired homeostatic mechanisms following a fluid challenge to the aged bladder. Second, addressing our primary hypothesis, we demonstrated positive changes in detrusor expulsive effort that are maturational rather than an effect of aging. No decline with maturation or aging in total expulsive force or isolated detrusor effort during the voiding contraction or flow was demonstrated by our multiple measures of voiding function. Finally, our evidence suggests that not only does the bladder become less sensitive to volume (mediated via increased compliance), central determinants of voiding initiation may become less sensitive to afferent input with aging. Multiple filling indices demonstrated changes that may be characterized as both maturational and aging.
An unexpected, but not entirely surprising, finding is the impaired responsiveness to the cystometric methodology among the Old and Oldest-old animals. Aging is associated with impaired homeostasis (diminished or less appropriate responsiveness to stressors) rather than measurable declines in baseline system function (29) . This loss of homeostatic ability associated with aging has been termed homeostenosis. In these experiments, the mode of failure in aged mice was failure to respond to the continuous infusion at cystometry, rather than degraded detrusor function during successive filling-voiding cycles. Thus, a primary finding of this study is the confirmation of a homeostenotic effect of aging in the mouse cystometric model.
Contractility is a difficult and poorly defined term, but it is intended to express the strength of the detrusor muscle. A formal expression of contractility requires knowledge of the muscle work. This is represented as length-dependent curves (including y and x intercepts) of force vs. velocity of shortening (analogous to pressure vs. flow rate) and muscle thermodynamics (26) . This is not feasible in an in vivo system, and so approximations using cystometrically obtainable data have been proposed in humans (22) . As the dynamics of rodent voiding are considerably different from those in humans, these approximations are inappropriate for a rodent cystometric model. To our knowledge, there are no reports of direct investigation of the thermodynamics of bladder contractility and aging, potentially a serious limitation to any reported methodology [although, aged bladders are more sensitive to oxidative stress (20) , suggesting either impaired basal substrate delivery and/or diminished thermodynamic efficiency with aging]. We based our primary indices of contractility on the PTI, including calculations of simple work and power, thereby integrating expulsive force with volume and flow (49) .
Abdominal wall contraction during voiding has been reported in rats (15, 54) , and we observed abdominal pressurization during voiding in mice. We found no clear difference in PTI due to abdominal contraction between age groups; however, variances within groups were high, suggesting that animal-to-animal variability greatly exceeds any variability attributable to maturation or aging. Additionally, the abdominal component comprised only a very small contribution (Ͻ2%) to the overall PTI and can, therefore, probably be safely ignored in future studies.
We observed increased compliance with increasing age, contrary to some previous reports. Kohan et al. (28) reported greater compliance in young vs. mature, aged, and senescent Wistar rats. While capacity volume in that study did not change, the voiding contraction pressure threshold increased in aged animals, consistent with loss of system sensitivity to bladder filling. Lluel et al. (33) reported no effect of age on compliance in Wistar rats. Consistent with biological membranes, the bladder pressure as a function of volume during filling exhibits an exponential-type curve (23) . The shape of this curve is determined by both passive (extracellular matrix/ collagen) and active (detrusor muscular) elements, thus previously described age-associated changes in bladder wall composition logically affect the shape and location of this curve (11, 16) . Despite the complex relationship of pressure to the volume of the filling bladder, compliance is typically expressed as a linear calculation of volume per unit pressure. The determinants of baseline and voiding thresholds may not be shared across species; thus, different segments of an isolated pressurevolume curve may be the basis for "compliance" calculations, precluding comparison of simple numeric representations of compliance across species. The bladder is more compliant in the Wistar rat (28) than our mouse observations (0.15 ml·cm Ϫ1 ·W Ϫ1 vs. 0.0033 ml·cm Ϫ1 ·W Ϫ1 for 12 mo mice), suggesting that a different segment of the pressure-volume curve is being sampled, accounting for the divergent results.
The age-associated increase in intervoid interval and voided volume demonstrates that aging is associated with diminished bladder volume sensitivity. To the contrary, P thresh decreased with aging. These apparently contradictory findings are resolved by considering the central role of wall stress in the transduction of volume information to bladder afferent activity. Using the pressure-volume product, the estimated wall stress at P thresh significantly increased with aging, suggesting that either the slope of the afferent activity vs. pressure-volume product decreases with aging, signifying an altered mechanotransduc- Fig. 6 . Cystometric filling and voiding data for the four age groups, obtained during continuous-fill cystometry under urethane anesthesia. Pressures trend downward with aging, compliance trends upward with maturation and aging. Intervoid interval, voided volume, and average flow rate increase with age. Bars show means Ϯ SE. ANOVA was used where noted; otherwise, a Kruskal-Wallace test was performed.
2 P Ͻ 0.05 vs. Mature. 3 P Ͻ 0.05 vs. Old. 4 P Ͻ 0.05 vs. Oldest-old. P for linear trend is reported where applicable. tion mechanism, and/or there is diminished central sensitivity to afferent activity. Age-associated diminished activity in relevant brain areas in response to bladder stimulation has been observed by functional MRI study (24) , consistent with either diminished afferent inflow or central receptivity. In either case, the finding of diminished volume sensitivity in combination with preserved detrusor contractility supports the emerging view that sensory dysfunction, rather than primary detrusor motor dysfunction, may underlie nonobstructive voiding disorders in the aged (1, 51) .
The NVC activity results may also reflect age-associated changes in the regulation of volume mechanotransduction. NVCs in animal models have previously been interpreted as analogous to DO in humans, such as in spinal cord injury (7) and obstruction (59) models. However, as producers of localized wall stresses, NVCs have been postulated to be part of the continual mechanosensory process as the bladder fills (19, 55) , and as outward evidence of detrusor autonomous (micromotional) activity, related to the compliance-determining mechanics (12) . Early in filling (and presumably throughout filling in the normal human bladder), tension induced by local autonomous contractile activity of the detrusor is diffused by bladder compliance; however, as that compliance is lost as the bladder fills, local contractile activity induces measurable pressure rises, evident as NVC activity. Therefore, the threshold of onset of measurable NVC activity reflects interplay between bladder wall mechanics and regulators of autonomous contractile behavior. The wall stress function for NVC onset increased with aging, parallel to P thresh and consistent with a loss or downward modulation of system sensitivity. The downward trend of the NVC pressure threshold is offset by a higher volume of onset. The trend toward a decrease in frequency of NVC, significantly lower for Oldest-old vs. Young bladders, suggests that NVC activity in older bladders may not be the result of the same regulatory processes as in younger bladders. Cystometric events are generally regarded as static pressure/ time markers; however, the unchanged NVC count across age groups, despite compliance differences, suggests that the rate of change of pressure, volume, or wall stress may have a role in the sensory transduction process. Given the probable importance of autonomous (and thus NVC) activity to volume mechanotransduction, this topic deserves further exploration.
Our choice of age groups was intended to include groups representing immature animals (2 mo), young but mature animals (12 mo), Old but intact mature animals (22 mo), and Oldest-old animals toward the limits of routine survival (26 mo). Food consumption, weight, and survival curves steadily rise from birth to about 10 -12 mo. The weight vs. age curve for ad libitum-fed female C57BL6 mice maximizes at about 22 mo and achieves 80% of this value at about 12 mo. Survival in the mouse colony drops off after 26 mo (58) . As the maximum rate of increase in weight and food consumption occurs between 2 mo and 12 mo, we assigned "maturation" to this interval. Between 12 mo and 22 and 26 mo, growth slows/ stops, food consumption does not increase, and survival begins to diminish; therefore, we assigned these intervals to "aging." These categories are intended as representative of measures of overall life span processes in this organ system-specific study, parallel to aging categorization within the geriatric clinical literature (4, 14, 18, 39) .
This study addresses several significant limitations of previous aging cystometric studies. An animal model incorporating animals at the extremes of the expected life span, as well as mature animals, with an isolated focus on urinary function, allows separation of the effects of maturation from those of aging (10) . Our cystometric methodology avoided the impact of urethral stimulation by transurethral catheter, allowed estimation of all potential expulsive pressures, incorporated volume and flow data into indices of contractility, and allowed post hoc calculations estimating system responsiveness to bladder volume.
The incorporation of voiding volumes and flows into contractility estimates is to our knowledge unique in rodent cystometric studies of detrusor contractility, despite its accepted role in estimating contractility in humans. This is facilitated by the use of anesthesia, as the animal remains still, allowing voiding flow rate determination (53) . Unlike most other anesthesia agents, the micturition reflex and bladder filling and voiding dynamics are preserved under urethane (6, 35, 37) . In sample sizes typical of rodent research, pressure and timing responses to continuous filling cystometry do not differ between awake and urethane-anesthetized animals (53) . Urethane modestly potentiates inhibitory GABA A , glycine, and nicotinic receptor activity and inhibits stimulatory ionotropic glutamate receptor (NMDA, AMPA) activity (25) , and thus, it may have Fig. 7 . Nonvoiding contraction (NVC) results from cystometry. NVC onset threshold bladder pressure decreased, and bladder wall stress function (pressure-volume product) at NVC onset increases with age. NVC frequency also decreased with age. Total NVC count during filling did not differ among groups. Bars show means Ϯ SE. ANOVA was used where noted; otherwise, a Kruskal-Wallace test was performed.
3 P Ͻ 0.05 vs. Old. 4 P Ͻ 0.05 vs. Oldest-old. P for linear trend is reported where applicable. some suppressive effect on bladder volume sensitivity. We cannot exclude the possibility that older animals are more sensitive to this central suppression, thus amplifying the magnitude of differences for bladder filling parameters. Normal voiding is dependent upon bladder and urethral afferent activity (27, 31, 43, 44) , and thus, the lack of degradation in voiding performance in the older animals suggests that any urethaneinduced artifact during filling is small.
Our calculations are based on several assumptions that may affect the magnitude, but unlikely the direction, of the results. First, the pressure-time (volume) graph (and hence compliance) is not linear; rather, it has an exponential shape. Therefore, we may have underestimated P comp with our assumption of linearity. Similarly, we may have overestimated the contribution of compliance during flow. However, lengthening of the voiding interval with age means that any underestimation (and, therefore, overestimation of detrusor contribution to expulsive effort) is more pronounced in younger animals than Old animals. The relative rapidity of the flow phase suggests that the impact of an assumption of pressure-time linearity on the results is minimal.
Second, our chosen indices of contractility and central sensitivity to afferent outflow are not validated instruments. Maximum bladder pressure (P max ) is typically reported in rodent cystometry as a measure of "contractility." However, it does not isolate detrusor expulsive pressure. Furthermore, since the attainment of P max marks flow onset and, therefore, the relationship of pressure head to urethral resistance, it does not necessarily express the maximum isovolumetric pressure. The use of PTI as the basis for assessing contractility is based on the linear relationship of external work to PTI, independent of preload (analogous to bladder volume), but varying inversely with afterload (analogous to urethral resistance to flow) (50) . Therefore, direct comparison of PTI between groups requires the assumption that urethral flow dynamics are consistent between groups. The observed greater flow rates with similar pressures in older animals suggest that if this assumption is not valid, then the urethral resistance function is likely lower in older animals. Therefore, the work vs. PTI slope would be greater, and thus, the similar value of the measured PTI in older animals would reflect more external work.
Our estimation of system sensitivity to volume based on the stress function at P thresh may underestimate the effect. For the stress function calculations, we assumed that PVR was minimal in all groups. If this is not true, it is quite likely that PVR is greater in the Old groups, as suggested by the standard perception of aging and supported by human studies (34) . If PVR is greater in Old/Oldest-old mice, volume at P thresh would be even greater, further increasing the stress function, and indicating an even greater loss of either afferent outflow as a function of wall stress and/or central sensitivity to afferent outflow. Thus, while our methodology does not directly assess afferent outflow and central sensitivity, wall stress approximations (via the pressure-volume product) strongly suggest an age-associated diminished central sensitivity during filling, assuming a constant slope of afferent outflow vs. wall stress. However, the effect of aging on the transduction of wall stress to afferent outflow is not known, and therefore, the observed effects may be peripherally and/or centrally mediated. We acknowledge that our results are suggestive, not conclusive, but serve as the basis for stimulating future investigations of the effect of aging on bladder afferent outflow and central receptivity.
The consistency of all measures supports our interpretation that in vivo contractility increases as a function of maturation and that this parameter does not decline with aging. Conversely, our data indirectly suggest that aging is associated with diminished volume sensitivity. The finding of decreased resilience in aged animals is consistent with the human concept of homeostenosis, in which the aging process is associated with diminishing abilities to cope with homeostatic stressors rather than organ failure per se (29) .
Perspectives and Significance
The principle finding of this study is that aging is associated with impaired resilience, i.e., homeostenosis; however, if responsiveness to bladder filling is preserved, there is no in vivo degradation of detrusor voiding function. Functional detrusor contractility is not degraded with age. Secondarily, system responsiveness to bladder volume diminishes, as assessed by traditional measures of intervoid interval and compliance, and by surrogates for direct measures of the mechanotransduction process. The latter suggests that either the local mechanotransduction process is impaired (via diminished afferent activity per unit bladder wall stress) and/or decreased central responsiveness to transmitted afferent activity.
The reported effect of aging on in vitro detrusor muscle strip tension-generating capabilities has been variable, suggesting contractility is diminished or does not change (41, 46 -48, 60) . Furthermore, compliance is actively enhanced during bladder filling (52) . Resolving our findings with previous work suggests two possibilities that are not mutually exclusive. First, in vivo voiding contractility may not represent the maximum contractile capabilities of the detrusor, i.e., a functional buffer exists that accommodates detrusor aging. Second, compliance may be actively enhanced to delay the voiding threshold. Assuming detrusor smooth muscle demonstrates a Frank-Starling-type relationship of active tension and length, allowing greater bladder volumes at voiding initiation provides accommodation of an age-displaced active tension vs. length curve of isolated muscle strips. This would be consistent with the observed age-related increase in postvoid residual volumes in previous animal and human studies.
Follow-up of the current study requires at least three lines of investigation. First, in vitro tension-length studies across age groups will resolve the impact of aging on the maximum contractile potential and its dependence upon strip length (and by implication bladder volume). Second, direct measurement of bladder afferent activity across age groups is needed to begin the evaluation of the impact of aging on the mechanotransduction process. Finally, study of the impact of aging on the active regulation of bladder filling would provide insight into the role of central regulation of the bladder function. By focusing on the determinants of system responsiveness rather than end-organ performance, we anticipate that completion of these studies will contribute to an integrated model of bladder filling and voiding functions.
